The adherence of coagulase-negative staphylococci to smooth surfaces was assayed by measuring the optical densities of stained bacterial films adherent to the floors of plastic tissue culture plates. The optical densities correlated with the weight of the adherent bacterial film (r = 0.906; P < 0.01). The measurements also agreed with visual assessments of bacterial adherence to culture tubes, microtiter plates, and tissue culture plates. Selected clinical strains were passed through a mouse model for foreign body infections and a rat model for catheter-induced endocarditis. The adherence measurements of animal passed strains remained the same as those of the laboratory-maintained parent strain. Spectrophotometric classification of coagulase-negative staphylococci into nonadherent and adherent categories according to these measurements had a sensitivity, specificity, and accuracy of 90.6, 80.8, and 88.4%, respectively. We examined a previously described collection of 127 strains of coagulase-negative staphylococci isolated from an outbreak of intravascular catheterassociated sepsis; strains associated with sepsis were more adherent than blood culture contaminants and cutaneous strains (P < 0.001). We also examined a collection of 84 strains isolated from pediatric patients with cerebrospinal fluid (CSF) shunts; once again, pathogenic strains were more adherent than were CSF contaminants (P < 0.01). Finally, we measured the adherence of seven endocarditis strains. As opposed to strains associated with intravascular catheters and CSF shunts, endocarditis strains were less adherent than were saprophytic strains of coagulase-negative staphylococci. The optical densities of bacterial films adherent to plastic tissue culture plates serve as a quantitative model for the study of the adherence of coagulase-negative staphylococci to medical devices, a process which may be important in the pathogenesis of foreign body infections.
Coagulase-negative staphylococcal infections characteristically occur in the setting of an indwelling medical appliance (18) . Apparently, the foreign body predisposes the patient to infection with what would otherwise be innocuous bacteria. We verified this observation in a mouse model for foreign body infection. Normal animals did not become infected when we injected coagulase-negative staphylococci under their skin. On the other hand, when the animals were prepared by implanting subcutaneous sections of intravascular catheters, one-third of the injected animals developed infections at the catheter site (8) .
In 1972, Bayston and Penny first observed that many strains of coagulase-negative staphylococci form mucoid deposits on cerebrospinal fluid (CSF) shunts (3) . In recent years, several groups of investigators have conducted scanning electron microscope surveys of naturally infected intravascular catheters (11, 21, 26) , peritoneal dialysis catheters (23) , and pacemaker leads (22, 28) and found adherent deposits of coagulase-negative staphylococci. For many pathogens, the interaction between bacterial cell and host surface determines the ability of the microorganism to colonize and infect the host (reviewed in reference 6). Considering the propensity of coagulase-negative staphylococci to produce foreign body infections, it seems likely that these microorganisms opportunistically infect medical appliances * Corresponding author.
because they preferentially adhere to the surface of the appliance.
In 1979 and 1980, we noted a large number of patients in the City of Memphis and University of Tennessee Hospitals with intravascular catheter-associated sepsis due to coagulase-negative staphylococci (4, 5) . In the course of our investigations, we found that some strains coated the culture tube walls with a tenacious bacterial film or slime. Intravascular catheters immersed in the broth also became coated with slime (7) . These studies suggested that staphylococci isolated from patients with intravascular catheter-associated sepsis produced more slime than did saprophytic strains (7) .
We have since improved our original qualitative assessment of slime production by modifying the spectrophotometric methods used by Fletcher (9, 10) in her studies on the adherence of marine microorganisms to smooth surfaces. In this report, we quantitate the adherence of coagulasenegative staphylococci to plastic by using our original collection of coagulase-negative staphylococci from the Memphis outbreak of intravascular catheter-associated sepsis.
We have also studied a collection of strains from children with CSF shunt infections and strains from adults and endocarditis.
( Slime production. (i) Tube method. A qualitative assessment of slime production was determined as previously described (7) . This tube method consisted of inoculating 10 ml of Trypticase soy broth (TSB; BBL Microbiology Systems) with a loopful of organisms from a blood plate culture and incubating the broth culture tube overnight (18 h) at 37°C. The culture tubes were then emptied of their contents and stained with trypan blue or safranin. Slime production was judged to have occurred if a visible film lined the walls of the tube. Ring formation at the liquid-air interface was not considered indicative of slime production. To compare observer variation with the tube method, the coded 127 strain catheter collection was examined on three separate occasions by independent observers familiar with the tube technique. Each observer estimated the amount of slime production as absent (score 0), weak (score 1), moderate (score 2), or strong (score 3). The observations were compared with each other and with spectrophotometric measurements by calculating a correlation coefficient.
(il) Spectrophotometric method. Early in these studies, we noted that the adherence measurements of some of our isolates were greater without glucose than with glucose. Therefore, we measured the optical densities (ODs) of adherent bacterial films produced under both conditions and reported the data in both interval and ordinal fashions. Stationary (18-h ) TSB cultures of coagulase-negative staphylococci were diluted 1:100 with fresh TSB and with TSB prepared without the usual glucose supplementation (TSB without glucose; BBL Microbiology Systems). Individual wells of sterile, polystyrene, 96-well, flat-bottomed tissue culture plates were filled with 0.2-ml aliquots of the diluted culture. We used two brands of tissue culture plates, MicroTest III (Falcon no. 3072; Becton Dickinson, Oxnard, Calif.) and Cell Wells (no. 25860; Corning Glass Works, Corning, N.Y.); we could not detect any performance differences between the two plates. Both manufacturers sterilize the plates with gamma irradiation and electrically charge their surfaces to diminish the hydrophobicity of the polystyrene. The tissue culture plates were incubated for 18 h at 37°C. The contents of each well were gently aspirated by tipping the plate and placing the aspirator (a Pasteur pipette connected to low vacuum) tip in the lowest corner of the well. With an automatic hand pipette (100-pil Octapette; Costar, Cambridge, Mass.), the wells were washed four times with 0.2 ml of phosphate-buffered saline (ph 7.2). Adherent organisms were fixed in place with Bouin fixative (14) and stained with Hucker crystal violet (30) . Excess stain was rinsed off by placing the plate under running tap water. After drying, the ODs of stained adherent bacterial films were read with a MicroELISA Auto Reader (model MR580; Dynatech Laboratories, Inc., Alexandria, Va.). We used a wavelength of 570 nm with the photometer switched to the single-wavelength mode (lambda test).
Adherence measurements were performed in quadruplicate and repeated at least three times; the values were then averaged. If the strain was represented by more than one isolate, the readings for the isolates were averaged together to find the reading for the strain. The MicroELISA Auto Reader has a maximum OD reading of 1.500, and many adherence determinations exceeded this value. To accommodate this limitation, we adopted the following convention: for averaging purposes, values in excess of 1.500 were considered 1.501; if three of the four determinations exceeded 1.500, the averaged value was taken as 1.501. This convention biased the data by limiting the OD of strongly adherent organisms to a specified maximum value.
For the purposes of data simplification, we used an ordinal classification for the adherence capability of individual strains of coagulase-negative staphylococci. Bacteria were divided into three categories, nonadherent, weakly adherent, and strongly adherent, based upon the ODs of bacterial films produced in TSB with and without glucose. If the ODs in both media were less than or equal to 0.120, we classified the organism as nonadherent. If the OD in either medium exceeded 0.240, then we classified the strain as strongly adherent. Strains whose maximal OD was greater than 0.120 but less than or equal to 0.240 were classified as weakly adherent. We chose the number 0.120 for a guideline because it was three standard deviations (0.023) above the mean OD (0.050) of aclean tissue culture plate stained by the previously described procedure. The reliability of this classification was examined by using 35 clinical strains (isolated from blood and CSF) represented by 105 isolates. All but two ofthese strains were adherent by the preceding definition; however, 11 strains were nonadherent in TSB with glucose, and 7 strains were nonadherent with TSB without glucose. Therefore, for the purposes ofthe following calculations, we separately considered the adherence in TSB with glucose and that in TSB without glucose. to the number of determinations in which: the classification of the strain and the isolate agree (a), the isolate has the classification and the strain does not (b), the strain has the classification and the isolate does not (c), and neither the strain nor the isolate has the classification (d).
Interval data were used for finer comparisons between strains. For this purpose, we combined the data for adherence in TSB and adherence in TSB without glucose into a single scalar, nondimensional adherence value by using the following formula: adherence value = V (OD in TSB)2 + (OD in TSB without glucose)2
This formula simply calculated the distance between the origin and the adherence coordinates of a strain of coagulase-negative staphylococci, when the ODs of the strain in TSB and TSB without glucose were plotted as the ordinate and abscissa, respectively.
Optical density of bacterial film versus weight of bacterial film. A graph comparing the wet weight of the bacterial film with the OD of the bacterial film was constructed by using four strains of coagulase-negative staphylococci, RP12, RP14, RP62A, and SP2. Each strain was propagated over- night in TSB and TSB without glucose. An aliquot was centrifuged at 5,000 x g for 15 min, and the bacterial pellet was weighed. The original broth culture was then diluted to a concentration of 40 mg of bacteria (wet weight) per ml, followed by serial twofold dilutions. Eight 0.2-ml aliquots of each dilution were placed in a 96-well tissue culture plate, and the plate was spun at 500 x g for 45 min. The clarified supernatants were removed with gentle aspiration, and the remaining bacterial pellets coating the well floors were fixed, stained, and read as previously described. The DNA content of RP12, RP62A, RP14, SP2, and the three ATCC strains were determined by the method of Hanson and Phillips (12 Glass slides. Glass slides with adherent bacterial films were prepared by incubating sterile glass slides in TSB and TSB without glucose seeded with RP12, RP62A, RP14, or SP2.
The slides were rinsed four times, fixed with Bouin fixative, and stained with crystal violet or Alcian blue (25) . Photomicrographs were taken with a Zeiss Ultraphot photomicroscope through a Planapo 100 oil immersion objective with Technical pan 2415 film (Eastman Kodak Co., Rochester, N.Y.). A no. 25 red filter was used for the Alcian blue photomicrographs.
Animal model infections. Infections were produced in mice and rats as previously described (1, 8) .
RESULTS
Evaluation of the tube test. The qualitative assessment of slime production, as originally reported by us, proved an inadequate test for bacterial adherence. In Table 2 we list the correlation coefficients obtained when the tube test readings from independent observers were compared with one another. The highly significant r values indicated that each observer witnessed the same general phenomenon. Nevertheless, the low absolute value for r, ranging from 0.2207 to 0.5936, indicated that individual observers frequently dis- coagulase-negative staphylococci to produce slime. The source of this variability was primarily disagreements between individual observers in interpreting weak reactions.
Rationale for the spectrophotometric technique. By using polystyrene petri dishes stained with crystal violet and a spectrophotometer, M. Fletcher measured the adherence of marine microorganisms to smooth surfaces (9, 10) . We used the same methods, but switched the substrate to plastic tissue culture plates which allowed us to automate the readings. Figure 1 demonstrates the advantage of using the stain crystal violet. Bacterial cells adherent to glass slides were deeply stained by crystal violet. To a lesser extent, extracellular slimy materials produced by RP12, RP62A, and RP14 were also stained. Because SP2 does not produce slime, extracellular materials were not visible in the SP2 preparations. Alcian blue, which selectively stains acid mucopolysaccharides (25) , was used to demonstrate the presence of slimy materials.
Because crystal violet uniformly stains bacterial cells regardless of the presence or absence of slimy materials, properly speaking, the optical densities of bacterial films stained with crystal violet indicate the concentration of bacteria on the surface of the plate, not the presence of slime. We therefore considered these readings an index of the adherence of an organism to the plastic surface and not a measure of slime production. We have reserved the term slime production, on the other hand, for the elaboration of extracellular Alcian blue-staining materials and for the visual deposition of thick viscid sheets of bacteria on smooth surfaces.
Visual assessments of adherence to various smooth surfaces. Because flat-bottomed tissue culture plates were the most convenient substrate, we first established that adherence to these plates was similar to the adherence of coagulasenegative staphylococci to other materials. Visual assessments of the adherence of RP12, RP62A, RP14, and SP2 to a variety of smooth surfaces are listed in Table 3 . These four strains were chosen because they had different adherence characteristics as indicated by the tube test: RP62A produced the most slime and did so in TSB and TSB without glucose; RP12 produced slime in TSB but not in TSB without glucose; RP14 produced slime in both media, but the slime was most evident in TSB without glucose; and SP2 did not produce slime in either medium. Although certain material variations were apparent, the overall pattern of adherence for RP12, RP62A, RP14, and SP2 remained the same (Table  3) .
Optical density of bacterial film versus weight of bacterial film. To be a reliable index of bacterial adherence, the OD of the bacterial film should be a function of the number of bacteria on the surface of the plate. We could not directly confirm this association because the autoagglutination caused by slime production prevents counting of adherent bacteria by the usual means. We did demonstrate, however, that the OD of the stained bacterial film varied directly and linearly with the wet weight of the film ( Fig. 2 ; r = 0.906, P < 0.01). This means that for any given strain, the OD of the bacterial film was an index of adherence. Our primary goal for these studies, however, was to compare the adherences of different strains of staphylococci. These comparisons would only be valid if the number of staphylococcal cells in a gram of bacterial film was roughly the same regardless of whether the strain produced slime and of which species of staphylococci it represented. Once again, we could not directly confirm this by counting the bacteria; however, we could count the chromosomes by measuring the DNA content of the bacterial film. The amount of DNA in a staphylococcal cell should be relatively constant for different strains and species because the DNA is primarily chromosomal, and the DNA homology for members of the Staphylococcus epidermidis species group is 40% or better (15) . Following this reasoning, we used the DNA content of the bacterial film as an index to the number of bacterial cells per gram of film. For the four control strains (RP12, RP62A, RP14, and SP2) and three ATCC strains (14990, 155, and 31432), the DNA content under slime-producing and nonproducing conditions was 3.7 x 10-3 ± 1.9 mg/mg of bacteria (wet weight). This result indicated that the weight of the bacterial cell was relatively constant for different media and different strains and species of coagulase-negative staphylococci; it also indicated that measuring the ODs of bacterial films produced by different strains was a reasonable method for comparing the adherence of different strains of staphylococci to plastic.
Stability of adherence in an animal model. We used spectrophotometric measurements of bacterial adherence to determine the stability of this characteristic through the course of an infection. We examined the adherences of strains passed through laboratory animals in a model for foreign body infection and a model for cathéter-induced endocarditis; in all cases, the resultant daughter strains retained the adherence characteristics of the laboratory parent strain ( Table 4) .
Adherence of clinical strains of coagulase-negative staphylococci. We plotted the adherence coordinates for 219 clinical isolates of coagulase-negative staphylococci (Fig. 3) . As expected, most of these strains adhered to a greater extent in TSB than in TSB without glucose. A few strains, however, had a greater adherence in TSB without glucose than in TSB with glucose. This unexpected finding created a problem: under which conditions should an organism be considered adherent? Some strains, such as RP12, would be considered adherent in TSB with glucose but not in TSB without glucose, while the opposite was true for a small number of strains, such as RP14. Many strains, for example, RP62A, were adherent under both conditions; how should these strains be counted? Our solution to this problem was to combine the data for adherence in TSB with glucose and in TSB without glucose into a single scalar value. We did this by arithmetically calculating the distance between the adherence coordinates of a particular strain and the origin of the graph (Fig. 3) . We referred to the resulting nondimensional number as the adherence value for the organism.
The adherence values for the intravascular catheterassociated sepsis collection are depicted in Fig. 4 . The mean adherence value for catheter-associated sepsis strains, 0.602, was significantly greater than either the mean for blood culture contaminants, 0.295 (P < 0.01 by Student's t test), or the mean for skin strains, 0.371 (P < 0.05 by Student's t test). These results confirmed our earlier observation that sepsis strains in this collection are significantly more adherent to plastic than are saprophytic strains.
In another series of studies, we examined a clinical collection of coagulase-negative staphylococci isolated from patients with CSF shunts. Strains associated with CSF shunt infections had a significantly higher adherence value, 0.563, than the adherence value for CSF contaminants, 0.363 (P < 0.05 by Student's t test) (Fig. 5) . Not adherent and nonadherent was of far greater importance to pathogenesis than the actual degree of adherence. To avoid these potential criticisms of the preceding data, we also examined the data with an ordinal classification system. This system grouped the strains into three adherence classes based upon the ODs of their adherent bacterial films. Like the adherence value, these classifications indicated the distance between the adherence coordinates and the origin (Fig.  3) . These classifications were, however, only an approximation of this distance; we obtained the approximation by dividing the graph into three portions: nonadherent (OD in both media, <0.120), weakly adherent (OD in either medium, >0.120 but .0.240) and strongly adherent (OD in either medium, >0.240). The reliability of this spectrophotometric classification was confirmed in two ways.
(i) After classifying the catheter-associated sepsis collection by this method, we compared the spectrophotometric classification with the readings of independent observers of the tube test ( Table 2 ) for strains from the intravascular catheter-associated sepsis collection. The mean value for sepsis strains, 0.602, was significantly greater than the mean value for blood culture contaminants, 0.295 (P < 0.01 by Student's t test), or the mean for skin strains, 0.371 (P < 0.05 by Student's t test). r value, 0.6462, was obtained by averaging the readings of all three observers and comparing the result to the spectrophotometric classification. Thus, the tube test and the spectrophotometric classification were examining the same phenomenon, with the spectrophotometer providing the more reliable classification.
(ii) Included in the collection of strains reported here were 35 strains represented by 105 isolates. We compared the classification of each isolate (with the ODs in TSB and TSB without glucose considered separately) to the strain classification (average value for all isolates of the strain) ( Table 5) . With this analysis, we found that the accuracy of the spectrophotometric classification ranged between 83 and 91% with a sensitivity between 76 and 91% and a specificity between 81 and 96%. These relatively high performance values further confirmed the stability of the adherence capability of an organism through the course of an infection.
By using the spectrophotometric classification, we grouped isolates from the catheter-associated sepsis collection into the three adherence categories, once again finding significantly more sepsis strains than blood culture contaminants and skin strains to be strongly adherent (P < 0.001; X2(2df) = 17.31) (Fig. 6 ). Applying these same techniques to the CSF shunt infection collection yielded similar results (P < 0.01; X2(2df) = 10.26) (Fig. 7) (16, 17, 27) .
Although there are advantages and disadvantages to every method, slime-producing coagulase-negative staphylococci raise special problems regarding enumeration. When grown in broth to encourage slime production, these microorganisms coagglutinate into an indispersible mass of bacteria. Consequently, slime-producing strains cannot be centrifuged or washed, as was required in the methods of Barrett (2), Sheth et al. (29) , Ludwicka et al. (19) , and Hogt et al. (13) . Slime production also interferes with counting procedures that rely upon CFU such as used by Sheth et al. (29) , since a single CFU may represent a single organism or a cluster of many organisms. Hogt avoided these problems by selecting for study three strains that were not slime producers. The remaining investigators either raised their organisms under conditions that did not encourage overt slime production or did not address this particular issue.
Perhaps the most important consideration is the time scale under which slime production takes place. Since virtually nothing has been published regarding the mechanisms by which coagulase-negative staphylococci adhere to surfaces, we must draw inferences from other systems. We believe that the adherence of Streptococcus mutans to dental surfaces bears many resemblances to the adherence of coagulase-negative staphylococci to smooth surfaces. (2, 13, 19, 29) was that our observations included the contributions of both early adherence and late accumulation to the colonization of the plastic surface. In these observations, however, a distinction was not made between adherence and accumulation.
If an investigation into the pathogenesis of coagulasenegative staphylococcal infections considers slime production as a potential virulence factor, the method used by the investigator for counting bacteria should avoid the problems of washing and CFUs. Ideally, the method should also (24) failed to find any association between slime production and pathogenic strains. In this study, bacteria were isolated from a variety of specimens obtained from a variety of patients. Our study included only blood culture isolates and was limited to patients with intravascular catheter-associated sepsis. Since the distinction between pathogenic strains and nonpathogenic strains for both studies rests entirely upon clinical criteria, the differences in methodology between the two studies may explain the different results. We tested our previous observation by applying the spectrophotometric measurements to a second, similar, but not identical, clinical collection of coagulase-negative staphylococci. Our finding that in pediatric CSF shunt patients, as in adult intravascular catheter-associated sepsis patients, pathogenic strains tend to be slime producing further buttresses our conclusions.
In be less adherent than strains from any other group. Furthermore, when we examined the strains in our collection from patients with prolonged episodes of bacteremia, these strains also were not particularly adherent. These findings suggest that the pathogenesis of coagulase-negative staphylococcal infections is a complex process, of which slime is only one component. For example, it may be that adherence is primarily important in colonization, while the continuation of a deep infection relies upon other mechanisms that discourage adherence. Alternatively, infections with organisms that produce slime may be more difficult to diagnose with blood cultures than are infections from organisms that do not produce slime because the daughter organisms are less likely to break away from the parent colony and seed the blood stream. By using an experimental animal model for catheter-induced endocarditis, Baddour et al. have found that, in comparison to the species designation, slime production was not a major virulence factor (1). Nevertheless, in continuing studies, by using a phenotypically manipulated organism and both the rat model for catheter-induced endocarditis and the mouse model for foreign body infection, we have found that the virulence of the organism does indeed vary with its ability to adhere to plastic tissue culture plates (L. M. Baddour 
